Cisplatin, a widely used anticancer drug, damages hair cells in cochlear organotypic cultures at low doses, but paradoxically causes little damage at high doses resulting in a U-shaped dose-response function. To determine if the cisplatin dose-response function for vestibular hair cells follows a similar pattern, we treated vestibular organotypic cultures with doses of cisplatin ranging from 10 to 1000 μM. Vestibular hair cell lesions progressively increased as the dose of cisplatin increased with maximum damage occurring around 50-100 μM, but the lesions progressively decreased at higher doses resulting in little hair cell loss at 1000 μM. The U-shaped doseresponse function for cisplatin-treated vestibular hair cells in culture appears to be regulated by copper transporters, Ctr1, ATP7A and ATP7B, that dose-dependently regulate the uptake, sequestration and extrusion of cisplatin.
Introduction
Cisplatin, one of the most widely used anti-cancer drugs, is activated after entering the cell's cytoplasm when the chloride atoms on cisplatin are displaced by water molecules. Hydrated cisplatin becomes a potent electrophile that reacts with nucleic acids in DNA, resulting in intrastrand and interstrand cross linking of DNA leading to cell cycle arrest which blocks tumor proliferation (Cepero et al., 2007) . Cisplatin is not only nephrotoxic, neurotoxic, but also damages the sensory hair cells and neurons in the cochlea and vestibular system. Cisplatin initially damages the cochlear outer hair cells (OHC) followed by inner hair cells (IHC) and damage spreads from the high-frequency base of the cochlea towards the apex with increasing dose or duration of treatment (Ding et al., 2012a; Fleischman et al., 1975; Saito et al., 1995) . In cochlear cultures, cisplatin damages hair cells throughout the cochlea as well as other structures (Laurell and Bagger-Sjoback, 1991; Meech et al., 1998) including spiral ganglion neurons (SGN) (Alam et al., 2000; Ding et al., 2012a; Gabaizadeh et al., 1997) .
For toxicity to occur cisplatin must first be transported into the cytoplasm. The pathways that regulate the uptake and translocation of cisplatin into sensory hair cells, neurons, and supporting cells in the inner ear are poorly understood. However, recent evidence suggests that cisplatin uptake is mediated by copper transporters that regulate the import, export and sequestration of platinum (Ding et al., 2011b (Ding et al., , 2012a (Ding et al., , 2013b Holzer et al., 2004b; Katano et al., 2004; Komatsu et al., 2000; Kuo et al., 2007; Safaei, 2006; Safaei et al., 2008; Samimi and Howell, 2006; Yoshizawa et al., 2007) .
Copper is an essential metal involved in important biological processes such as oxidative phosphorylation (cytochrome oxidase), catecholamine synthesis, antioxidant defenses (Cu/Zn superoxide dismutase) and iron homeostasis (Puig and Thiele, 2002) . High intracellular concentrations of copper are toxic (Olivari et al., 2008) , therefore cells tightly regulate intracellular copper homeostasis mainly through Ctr1, ATP7A and ATP7B (Holzer et al., 2004a; Katano et al., 2002; Komatsu et al., 2000; Samimi et al., 2004; Wang and Lippard, 2005) . Copper uptake through the plasma membrane is regulated by Ctr1 (Lee et al., 2002) (Lee et al., 2002; Safaei, 2006) , which also imports platinum-based compounds (Holzer et al., 2004a; Kuo et al., 2007) . ATP7A sequesters excess copper or platinum, and ATP7B expels these compounds from the cytoplasm (He et al., 2011; Kalayda et al., 2008; Kuo et al., 2007; Safaei and Howell, 2005; Samimi et al., 2004) . These results suggest that changes in Ctr1, ATP7A and ATP7B could modulated the toxic effects of cisplatin on vestibular hair cell. To test this hypothesis, we treated postnatal vestibular explants with various doses of cisplatin to determine if high doses of cisplatin were less toxic than low doses and to examine cisplatin uptake.
Materials and methods

Vestibular organ cultures
Postnatal day 3 Sprague-Dawley rat pups (Charles River, Wilmington, MA) were used to prepare vestibular organ cultures according to procedures outlined in detail in our previous publications (Ding et al., 2012b (Ding et al., , 2013a Dong et al., 2014) . Briefly, rat pups were decapitated and the macula of the utricle, superior and lateral crista ampullae were micro-dissected out along with the macula of saccule and posterior crista ampulla. The otolithic membranes on the macula of utricle and saccule were removed and then the vestibular explants were placed on the collagen gel on the bottom of a 30 mm culture dish and sufficient serum-free medium added to promote the attachment of the explant to the gel. The culture dish was then placed in an incubator at 37°C in 5% CO 2 for 1 h. Afterwards, 0.7 ml of serum-free medium was added to cover the explants. The cultures were placed in an incubator and maintained at 37°C in 5% CO 2 overnight. On the second day, the vestibular explants were treated with 0, 10, 50, 100, 400 or1000 μM cisplatin in culture medium for 48 h.
Hair cell labeling
Vestibular explants were fixed with 10% formalin for 3 h, rinsed in PBS, and stained with Alexa Fluor 488 conjugated phalloidin (Sigma P1951, 1:200). Specimens were rinsed in PBS and mounted on glass slides in glycerin. Stained specimens were examined with a confocal microscope (Zeiss LSM-510) using appropriate filters to detect Alexa-488 labeled vestibular hair cells. The numbers of vestibular hair cells with an intact cilia bundle and cuticular plate were counted in a 141 × 141 μm square (∼0.02 mm 2 ). Hair cell counts were obtained from four regions in each explants and a mean computed for each specimen.
Vestibular ganglion quantification
Specimens were fixed for 3 h with 10% formalin, stained with mouse anti-β-tubulin III antibody to label the vestibular neurons and processes. ToPro-3 was used to label the nuclei. Specimens were immersed in a mouse anti-β-tubulin III antibody (Covance, TUJ1, MMS-435P, 1:100) solution containing 1% Triton X-100 and 5% goat serum in PBS for 24 h at 4°C. Specimens were rinsed with PBS, then incubated for 2 h in goat anti-mouse secondary antibody conjugated with Alexa Fluor 555 (Abcam, ab150114, 1:200 dilution). Specimens were rinsed, stained with 1 μM ToPro-3 (Invitrogen T3605) for 1 h, mounted on glass slide, cover slipped, and examined with a confocal microscope (Zeiss LSM-510) with appropriate filters.
Images were evaluated with Zeiss LSM image Examiner and postprocessed with Adobe Photoshop software and used to identify the nuclei, soma and processes of vestibular ganglion neurons. We measured the size of the ganglion neurons and counted the numbers of neurons with condensed or fragmented nuclei (Fu et al., 2013; Wu et al., 2011) . Multiple layers of images (630X) of vestibular neurons were collected and merged. The numbers of layers were adjusted so that: (1) the largest cross sectional area of each ganglion neuron was included in the analysis and (2) the overlap among different ganglion neurons was minimized. A polygon was drawn around the perimeter of the soma of ganglion neurons and Zeiss LSM Image Examiner software was used to calculate the enclosed area.
Uptake of labeled cisplatin
Alexa Fluor 488 hydrazide (Thermo Fischer, A10436) was conjugated to a carbohydrate-linked platinum (II) complex cis-dichloro [(2-b-D-glucopyranosidyl) propane-1,3-diamine]platinum following the methods described previously (Chen et al., 1999) . Vestibular explants were treated with Alexa Fluor 488-cisplatin (50, or 1000 μM) for 48 h, fixed with 10% formalin in PBS for 4 h, and stained with Alexa Fluor 555-labeled phalloidin. Specimens were examined under a confocal microscope (Zeiss LSM-510) with appropriate filters. Image layers were collected and organized with Zeiss LSM image Examiner and postprocessed with Adobe Photoshop software (version 5.0).
AM1-43 uptake
In the first series of experiments, vestibular explants were treated with 0, 10, 50, or 1000 μM cisplatin for 48 h. Afterwards, the explants were incubated for 30 min in freshly made AM1-43 (Biotium, #70024; 30 μg/ml in serum-free medium) to assess the functional status of the hair cells and uptake of cisplatin into vestibular hair cells (Ding et al., 2011b; Gale et al., 2001; Meyers et al., 2003) . Afterwards, the explants were rinsed with PBS, fixed with 10% formalin for 2 h, stained with Alexa Fluor 488-labeled phalloidin for 30 min and mounted on glass slides. In the second series of experiments aimed at determining if cisplatin permanently blocked the uptake of AM1-43 into hair cells, explants were pre-treated with 50 μM, or 1000 μM cisplatin for 18 h. Then, the culture medium containing cisplatin was removed and replaced by normal serum free medium for another 18 h. In both series of experiments, the specimens were subsequently fixed and labeled with Alexa Fluor 488 conjugated phalloidin and examined under a confocal microscope to detect the green fluorescence of the phalloidin-labeled hairs cells and the red fluorescence of the labeled AM1-43 (excitation 510 nm, emission 625 nm) taken up by vestibular hair cells.
All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of University at Buffalo, and conform to the guidelines issued by the National Institutes of Health. Fig. 1 shows six representative surface preparation (100X) of the whole macula of the saccule stained with Alexa 488-phalloidin after 48 h treatment with 0, 10, 50, 100, 400 and 1000 μM of cisplatin. There is dense, uniform labeling of hair cells in the untreated control culture (Fig. 1A) ; however, hair cell labeling initially increased as the cisplatin dose increased from 10 to 50 μM resulting in regions largely devoid of hair cells (Fig. 1B-C ), but hair cell survival progressively increased as the dose of cisplatin increased from 100 to 1000 μM ( Fig. 1D-F) . Fig. 2 shows high magnification (650X) images of vestibular hair cells in the macula of the utricle and saccule and crista ampullaris after 48 h treatment with 0, 10, 50, 100, 400 and 1000 μM of cisplatin. The densities of phalloidin-labeled stereocilia bundles in the utricle (Fig. 2 , A2-4), saccule (Fig. 2, B2 -4) and crista ampullaris ( Figure 2C , 2-4) decreased as the cisplatin dose increased from 10 to 100 μM, but then hair cell density increased at higher doses (Figs. 2A, (5) (6) Figs. 2B, (5) (6) 1C and Figs. 2C, (5) (6) . We quantified these effects, by counting the numbers of hair cells with an intact stereocilia bundle; counts were obtained from four separate regions of 0.02 mm 2 in each explant. Mean (+SEM, n = 6) hair cell counts were plotted as a function of cisplatin dose in the utricle, saccule and crista ampullaris ( Fig. 2D-F) . The mean numbers of hair cells initially decreased as the cisplatin dose increased from 0 to 50 μM, but then gradually increased from 100 to 1000 μM. There was a significant effect of cisplatin dose for the utricle ( 
Results
Cisplatin dose-response
Hair cell uptake of cisplatin
We compared the uptake of Alexa Fluor 488 conjugated-cisplatin into vestibular hair cells treated either with a high, 1000 μM dose of cisplatin and low 50 μM dose of labeled cisplatin. When 1000 μM of labeled-cisplatin was applied to the cultures, very little cisplatin was taken up into vestibular hair cells (Fig. 3A) ; the stereocilia bundles remained intact and the nuclei of the hair cells were large and round, indicative of healthy cells. When the dose of Alexa Fluor 488 conjugated-cisplatin was lowered to 50 μM, there was extensive uptake of labeled cisplatin into hair cell (Fig. 3B, arrows) . This low dose of cisplatin was associated with stereocilia damage and condensation of hair cell nuclei, morphological features of apoptosis. These results indicate that hair cell death is associated with robust uptake of labeled-cisplatin at low doses whereas hair cell survival is associated with little cisplatin uptake at high drug does.
Cisplatin-induced endocytosis
AM1-43, rapidly enters hair cells through the divalent, mechanically-gated channel, but dye entry is blocked when the channel is disrupted (Meyers et al., 2003) . AM1-43 was taken up by normal vestibular hair cells (Fig. 4A, red) , but dye uptake was reduced when vestibular cultures were treated for 48 h with 10 μM cisplatin, particularly in hair cells with damaged or missing stereocilia (Fig. 4B) . When cultures were treated with 50 μM cisplatin, AM1-43 uptake was almost completely eliminated, but with this dose, many of the hair cells were damaged (missing or damaged stereocilia or cuticular plate, shrunken hair cell hair nuclei) (Fig. 4C) . When cultures were treated with 1000 μM cisplatin for 48 h, AM1-43 uptake was largely abolished; in this case the stereocilia, cuticular plate, and cell nuclei had a normal appearance (Fig. 4D) . However, when vestibular cultures were pretreated for 18 h with 50 μM cisplatin, returned to normal culture medium for 18 h, and then challenged with AM1-43, dye uptake was mainly confined to a few hair cells with remnants of stereocilia and/or cuticular plate (Fig. 4E, arrow) . In contrast. when cultures were pretreated with 1000 μM cisplatin for 18 h, returned to normal culture medium for 18 h and then challenged with AM1-43, dye uptake was restored (Fig. 4F ) in these normal appearing hair cells (Fig. 4F, arrow) .
Cisplatin damage to vestibular nerve fibers and synapses
To determine if cisplatin damaged vestibular nerve fibers and nerve terminals in a dose-dependent, vestibular explants were treated with 0, 10, 50, 100, 400, or 1000 μM cisplatin for 48 h and then stained with ToPro-3 (nuclei, blue), Alex 555-phaloidin (ciliary bundle, cuticular plate, red) and β-tubulin III (nerve fibers, afferent synapse, green). β-tubulin protein was heavily expressed in the fibers and nerve endings in control vestibular explants (Fig. 5A) . The vestibular nerve fibers and terminals in cultures treated for 48 h with 10 μM cisplatin were similar to control cultures (Fig. 5B) . In contrast, 48 h treatment with 50, 100, 400, or 1000 μM cisplatin resulted in substantial loss of vestibular nerve fibers and nerve terminals ( Fig. 5C and F) . In contrast, the vestibular hair cells treated with 50 or 100 μM cisplatin for 48 h were severely damaged ( Fig. 5C and D) whereas the vestibular hair cells treated with 1000 μM (Fig. 5F ) were essentially normal. These results indicate that damage to vestibular nerve fibers and synapses continues to increase as the dose of cisplatin increases, unlike the U-shaped dose-response function for vestibular hair cells (Fig. 2E-F) .
Cisplatin damage to vestibular ganglion neurons
We treated vestibular explants with 0, 10, 50, 100, 400, or 1000 μM cisplatin for 48 h and used a β-tubulin III antibody to label the soma of vestibular ganglion neurons and ToPro-3 to stain the nuclei. In untreated (0 μM) control explants (A), the soma and nucleolus of the vestibular neurons were large and round, but when the explants were treated with 10 μM cisplatin, the soma and nucleolus of some neurons were shrunken and distorted (Fig. 6B) . As the dose of cisplatin increased from 50 to 100 μM, many neurons disappeared (Fig. 6C-D) and ToPro-3 labeling of residual nuclear DNA became condensed and fragmented, morphological features of apoptosis. However, as the dose of cisplatin increased from 400 to 1000 μM (Fig. 6E-F) , the numbers of neurons increased and the size of the soma and nucleolus of these neurons also increased. To quantify the results, mean soma size was assessed after 48 h treatment with cisplatin doses from 0 to 1000 μM. As shown in Fig. 6G , mean soma size (+SEM, n = 17) initially decreased from for between group differences shown in Fig. 6 ). Interestingly, soma size for the 1000 μM dose of cisplatin was similar to that of the untreated controls. The U-shaped cisplatin dose-response function for VGN is similar to that seen for cochlear spiral ganglion neurons (Ding et al., 2011a (Ding et al., , 2012a .
Discussion
U-shaped dose-response
When we treated organotypic cultures of the utricle, saccule and crista ampullaris with increasing concentrations of cisplatin for 48 h, we observed an unusual U-shaped dose-response function. Damage to vestibular hair cells and neurons was greatest at intermediate doses of cisplatin whereas damage was least at very low and very high doses. Maximum hair cell loss in the utricle, saccule and crista ampullaris occurred when the dose of cisplatin was approximately 50 μM ( Fig. 2D-F ) and the dose-response functions were similar for all three vestibular organs. In contrast, vestibular ganglion damage was greatest at 100 μM cisplatin (Fig. 6G) . What is most remarkable is that there was little damage to vestibular hair cells or neurons following treatment with 1000 μM cisplatin, the highest dose tested. The nonlinear cisplatin dose-response function for vestibular hair cells and vestibular neurons was similar to that seen for hair cells and neurons in postnatal cochlear organotypic cultures (Ding et al., 2011b (Ding et al., , 2012a . Unlike hair cells or ganglion neurons which showed little evidence of damage after treatment with 1000 μM cisplatin, most of vestibular nerve fibers and peripheral nerve terminals were still missing after this high dose (Fig. 5F ). These results suggest that the peripheral nerve fibers and terminals are more sensitive to cisplatin damage than the hair cells or the soma of neurons.
Cisplatin and AM1-43 uptake
The U-shaped dose-response function was linked to the nonlinear uptake of fluorescently labeled cisplatin. When cultures were treated with 1000 μM cisplatin, there was minimal uptake of cisplatin and little hair cell damage (Fig. 3A) . Conversely, when cultures were treated with 50 μM cisplatin, there was significant hair cell loss and considerable uptake of fluorescently labeled cisplatin into hair cells (Fig. 3B) . These results suggest that the uptake of cisplatin into hair cells is a critical step in hair cell death. AM1-43 rapidly enters hair cells in the absence of cisplatin (Fig. 4A) , but as the concentration of cisplatin in the culture medium increased less AM1-43 entered the hair cells with complete block occurring at 1000 μM (Fig. 4B-D) . These results show that vestibular hair cells prevent the uptake of divalent cations like AM1-43 in the presence of high concentrations of cisplatin. When cisplatin was removed from the medium for 18 h, AM1-43 uptake increased significantly when the stereocilia were intact (Fig. 4F ), but less uptake occurred when the stereocilia and hair cells were damaged (Fig. 4E) . These results suggest that high dose cisplatin disrupts drug uptake through the apical pole of the hair cell. We did not explore potential routes of cisplatin uptake into vestibular neurons; however, because the cisplatin dose-response function for neurons was similar to hair cells, it seems likely that uptake occurs through the same pathway.
Summary: The U-shaped cisplatin dose-response function observed in our vestibular organ cultures is similar to that seen in the cochlea. We previously reported that three copper transport proteins Ctr1, ATP7A and ATP7B were highly expressed in cochlear hair cells and neurons (Ding et al., 2011b (Ding et al., , 2012a and that altering these transporters suppressed cisplatin damage to cochlear hair cells (Ding et al., 2011b (Ding et al., , 2012a . When copper sulfate was added to cochlear cultures medium, it competitively inhibited the uptake of cisplatin through Ctr1 and attenuated cisplatin damage in the cochlea (Ding et al., 2011b; More et al., 2010) . Cimetidine, a competitive inhibitor of the organic cation transporter 2, also reduced cisplatin damage in the cochlea; however, our results showed that cimetidine also reduced Ctr1 suggesting that cimetidine suppressed cisplatin damage by inhibiting the uptake of cisplatin (He et al., 2011) . Cisplatin also increased the expression of ATP7B, a major copper export pump (He et al., 2011) . Because cochlear and vestibular hair cells are quite similar, we believe that the same three copper transporter are likely responsible for the U-shaped cisplatin dose-response function in our vestibular organ cultures. 
